TIME RESOLVED SMALL ANGLE X-RAY SCATTERING REACTIVITY
STUDIES ON COALS, ASPHALTENES, AND POLYMERS

R. E. Winans, S. Seifert, and P. Thiyagarajan'
Chemistry Division and "Intense Pulsed Neutron Source Division
Argonne National Laboratory, Argonne, IL. 60439

Keywords: Argonne Premium Coals, pyrolysis small angle X-ray scattering
ABSTRACT

The objective of this study is to examine changes in the structures of coals, asphaltenes, and
polymers in situ with small angle X-ray scattering (SAXS) during thermal treatments. We have buiit
a SAXS instrument at the Basic Energy Sciences Synchrotron Radiation Center at the Advanced
Photon Source that allows us to obtain scattering data on very small samples and in the millisecond
time domain. The Argonne Premium Coal samples, petroleum derived asphaltenes, and polymers
with functionality to model fossil fuels were used in this study. The information that can be derived
from these experiments includes: changes in fractal dimensionality, surface topology, and size and
type of porosity. The information is correlated with other methods on the same samples.

INTRODUCTION

Small angle scattering is a good method to observe features such as porosity and surface properties
of disordered systems over broad length scales. This non-destructive technique is useful for in situ
analysis and with the advent of third general light sources with high photon flux, rapid data
acquisition is possible. The nature of the porosity of a suite of 15 coals has been studied by SAXS
and the results compared to adsorption techniques.’ Coal pyrolysis followed by gasification has been
followed by SAXS. They found that upon pyrolysis there was an increase in micro and meso pores.’
SAXS investigation of pore sizes of Canadian coals and their chars showed that reactive chars from
low rank coals have greater pore lumes compared to the coals, while the opposite effect is seen
for less reactive chars from higher rank coals.’ The fractal pore structure of raw and heated brown
coals was studied by SAXS.* All of these were done with lab instruments. Synchrotron sources
allowed faster data acquisition such that in situ experiment are facilitated such as the dynamics of
solvent swelling.* The Argonne coals have been looked at by a number of temperature programmed
techniques such as TGA-FTIR,* TGA-MS,’ Py-FIMS,* Py HRMS,® PMRTA,'® and IGC.!" These
results will be used to help interpret data from temperature programmed (TP) SAXS of the Argonne
Coals, resids, and polymers.

EXPERIMENTAL

The eight Argonne Premium Coal Samples were used without modification in this study.> The
ethylene [I] and oxymethylene [I] linked polymers have been used as possible models.'*"* More
recent studies have looked at ethylene linked benzene with [III] and without carboxylic acid groups
{IV].*'€ The purpose of this later study was to examine the possible role of carboxylic acids to form
crosslinks in low rank coal pyrolysis. The SAXS instrument was constructed at ANL and used on
the Basic Energy Sciences Synchrotron Radiation Center CAT undulator beamline ID-12 at the
Advanced Photon Source (http://Awww bessrc.aps.anl/).

Quartz capillaries (1 mm) were used to sample 5 mg of -100 mesh coal or polymer. Scattering
patterns were obtained as the sample is heated from 25-600 °C. Monochromatic X-rays (8.5 - 23.0
keV) are scattered off the sample and collected on a 19 x 19 cm? position sensitive two-dimensional
gas detector. More recent data are taken using a 9-element mosaic CCD detector (15 x 15 cm) with
maximum of 3000 x 3000 pixel resolution. An advantage of this new detector is that unlike the wire
detector, the full beam from the undulator can be used which gives a factor of 1000 increase in
intensity. The scatteréd intensity has been corrected for absorption, the empty capillary scattering,
and instrument background. The differential scatiering cross section has been expressed as a
function of the scattering vector Q, which is defined as Q = (4n/A) sin 8, where A is the wavelength
of the X-rays and 8 is the scattering half angle. The value of Q is proportional to the inverse of the
lengthscale (A"). The instrument was operated with two different sample-to-detector distances, 68.5
cm to obtain data at 0.04 < Q < 0.7 A" and 3740 cm to measure at 0.006 < Q<0.1 AL

Small Angle X-ray Scattering

Atypical plot of the time temperature-resolved data for the pyrolysis of the lllinois No. 6 bituminous
coal (APCS 3) is shown in Figure 1. These curves can be analyzed to determine size of features,
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topology, and changes in total scattering. Power law slope from the data, such as is shown in Figure
1, are used to describe the topology of the system. Finally, the invariant Q, is calculated and is
proportional to the fluctuation of the electron density in the system. Changes in the invariant are

useful in monitoring topological changes in thesample, Q4 = [ KQ) Q?dQ. Forexample, the

invariant goes to zero for a homogeneous system that does not have any concentration fluctuation.
RESULTS AND DISCUSSION

The results from the TP SAXS are initially best understood by comparing them to results from other
techniques and by looking at the various trends observed between the different rank premium coals.
An example of the scattering curves as a function of Q is shown in Figure 1 for the 1llinois
bituminous coal (APCS 3). To avoid confusion, a few selected curves are drawn to represent the
changes seen as the sample heats up. An obvious feature that is seen for the low rank coals but is
most pronounced with the Illinois coal is the increase in scattering over an intermediate temperature
range. This result is best observed in the changes of the invariant with temperature which is shown
in Figure 2. There is a rapid increase in the Q, at ~130 °C where most likely water is being driven
off. This could result from structural reorganization of the macromolecules in coal. These structural
changes are common with the coals of < 80% carbon, but are not seen in the higher rank coals.
However, the role of water release is not the only factor since the lignite and subbituminous coals
have a greater water content and yet the effect is much less. The structure change is more than just
aphysical swelling of the structure since the free swelling index of this coal (4.8) is much less than,
for example, the Upper Freeport (APCS 1), which has a FSI of 8.5.12

With the Upper Freeport, the increase in Q, is not observed, but instead shows the transitions at the
softening and fluidity points. Normally the approaches used to look at these transitions are plasticity
or fluidity measurements and inverse gas chromatography (IGC). A comparison of the SAXS and
ICC data are shown in Figure 3. One expects the IGC transition to occur at a lower temperature
since the heating rate was in hours compared to the total heating time of 10 min. for the SAXS data.
However, note that the slope is the same (dashed line). InIGC, this slope is used to calculate the
enthalpy of adsorption which for APCS 1 is 12.5 kcal/mole." These values increase with rank of
the coal in the bituminous range. The trend in Q, is also similar and is indicative of the increase in
homogeneity of the system at these temperatures as the coals are becoming fluid. The low rank coals
which do not become fluid show much different trends in Q, at these higher temperatures.

The changes in the power law slope can be correlated with TGA results under the same heating rates.
For bituminous coals, such as the Illinois No. 6 and Pocahontas, there is a reasonable correlation as
shown in Figure 4. However, for the low rank coals, the changes in d, is much different and actually
may have increased instead of decreasing with temperature as seen in the higher rank coals. One
possible explanation for this is the fact that these coals are still early in the coalification process and
what may be occurring is an accelerated coalification process. Part of this process may be the
establishment of increased crosslinks instead of decreasing crosslinks, which normally occurs in the
pyrolysis of bitumninous coals. This has been suggested in other studies.'* Recently, model polymers
with carboxylic acid functionality have been studied to try to understand this crosslinking
phenomena. Later, we will discuss the results of TP SAXS on the polymer.

In Utah coals (APCS 6), the d; decreased at a much lower temperature than the other bituminous
coals. This has also been observed for this coal by proton magnetic resonance thermal analysis
(PMRTA). It has been suggested that the increased mobility observed is due to the liptinite macerals
in this coal (which is rich with resinites, 75%) at lower temperatures. Our SAXS data would confirm
this conclusion. The volatile release of the coal is not unusual but the increase in extractability with
heating is much greater than other bituminous coals of similar rank. The resinite must have a
synergistic effect on overall thermal degradation of the macromolecular matrix.

To better understand TP SAXS results for the coal samples, four polymers which represent various
potential structures and functionality in coals have been examined under the same conditions as the
coal pyrolysis. For both the naphthalene based polymers {I] and [II], the structure changes at much
lower temperatures than coals. However, as expected, the oxymethylene linked polymer [II] is the
most reactive. In both polymers, abroad feature between Q =0.1 to 0.3 emerges at high temperature
which would be the formation of larger polycyclic aromatics. The PYHRMS has shown that these
polymers, especially [IT] undergo secondary reactions to form strong Ar-Ar links which can lead 1o
larger polycondensed aromatics.

The polymers from ORNL behaved much differently. For {Ilf] with carboxylic acid functionatity,
the Q, did decrease but not nearly as much as seen in [I] and {II]. The structure seen by SAXS for
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the hydrocarbon polymer {IV] appeared to be very stable over the temperature range studied even
though it is known that the solubility increased with increasing temperature.'” However, up to about
475 °C these polymers showed no weight loss in TG analysis. The most direct comparison is
between I and IV, which have the same linkages but differ in the aromatic ring, where the
naphthalene [I] appears to be much more reactive.

CONCLUSIONS

Structural changes upon pyrolysis are observed in the SAXS data for coals and polymers. These
changes can be correlated and contrasted with a number of other thermal analytical methods on the
same coal and polymer samples. The results are very rank dependent with the lower rank coals
showing variations over the entire temperature range. The naphthalene based polymers are much
more reactive than the benzene-ethylene linked polymers and appear to give more secondary
transformations.
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Figure 2. Invariant changes with pyrolysis.
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Figure 4. Comparison of TGA data with the d from SAXS.
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Figure 5. SAXS data for naphthalene polymers I and IT with a comparison of invariants
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Figure 6. SAXS data for benzene polymers III and IV.
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